We have collected low-noise crosswell data in a high-velocity carbonate environment with a spatial sampling interval of 2.5 ft (0.76 m). This sampling reveals a variety of coherent events not previously identified in coarsely sampled gathers. Nearly every event in our field record can be explained using simple approximations for the geology, source, and receivers without accounting for the presence of the boreholes.
INTRODUCTION
Until recently, most crosswell imaging experiments have used only the direct-arrival P-and/or S-wave traveltimes to image the region between two wells, with this image being in the form of a 2-D velocity map, i.e., a velocity tomogram. Although traveltime tomography is a robust technique, it utilizes only a small portion of the information present in the seismic record. Potentially, this additional information can be used to improve the accuracy and resolution of crosswell images. Several approaches have been described along these lines: acoustic prestack migration (Hu et al., 1988) , acoustic diffraction tomography (Devaney, 1984; Harris, 1987) , elastic diffraction tomography (Beydoun and Mendes, 1989) , and reflection imaging (Baker and Harris, 1984; Khalil et al., 1991; Lazaratos et al., 1993) .
The first step in utilizing the information contained in the full wavefield is to identify the constituent modes in the field record. There are a number of factors that make the identification of reflections and higher modes difficult in crosswell data. Several of the more obvious causes are low signal-tonoise ratio, inadequate spatial sampling (causing aliasing), and the presence of large-amplitude events, such as tube wave arrivals, which overwhelm the other coherent arrivals. To reveal the various wave modes potentially carrying information about the geology, we must minimize the effects of these various factors.
Two crosswell seismic surveys were acquired by Stanford University in cooperation with Chevron in December, 1991. These surveys were collected in a producing west Texas carbonate oilfield as part of a reservoir characterization and monitoring project. The acquisition technique and relatively simple geology result in a crosswell seismic data set where a wide variety of wave modes can be clearly observed.
The purpose of this paper is two-fold. First, in spite of the apparent complexity of the crosswell seismic record, we will show that it is possible to simulate many of the observed wave modes present in the field data using simple models for the source, receiver, and geology. Second, we will identify various events in a representative field gather by comparing their moveouts with the moveouts of known events created in simulations.
ELASTIC WAVE MODES IN CROSSWELL SEISMIC DATA
Crosswell seismic data can contain a variety of wave modes even in the simplest geologic settings. This occurs because crosswell seismic propagation is predominantly parallel to geologic bedding rather than perpendicular to it as in surface seismic recordings. A common shot gather across a single elastic bed boundary can generate eight distinct body wave arrivals for a source generating both P-and S-waves. These arrivals consist of direct P-and S-waves, reflected P-and S-waves, P-S and S-P reflected-converted waves, and P-S and S-P transmitted-converted waves. To illustrate these modes we have calculated their raypaths, arrival times, and a full-wavefield viscoelastic solution for the simple single-interface model shown in Figure 1 . Our source point is located midway alongside the bottom layer at a depth of 150 ft (45.7 m). Figure 2 illustrates the raypaths for the eight modes found in the single-interface constant Vp/Vs model. The constant Vp/Vs results in P-and S-wave raypaths which are identical for both direct waves, shown in Figure 2 (a) and reflected waves, shown in Figure 2(d) . The S-P and P-S transmitted conversions are shown in Figures 2(b) and 2(c), respectively, and the P-S and S-P reflected conversions are shown in Figures 2(e) and 2(f), respectively. Figure 3 provides an illustration of the moveout of these various modes in the space-time display of a common shot gather. These curves were calculated using Snell's law; the S-P reflected conversion is calculated over the precritical range of incidence angles only. Figure 4 shows the results of a full wavefield simulation through the single-interface model for comparison. We see that the full wavefield events match FIG. 1. A simple single-interface model used to illustrate some of the many seismic modes generated in a typical crosswell experiment. the predicted Snell's law moveouts as expected, though some of the events are relatively low in amplitude in this simulation. In particular, the P-wave reflected event is virtually invisible.
One interesting feature predicted by the Snell's law traveltimes which can also be seen in the full wavefield simulation is the S-P reflected conversion. In the Snell's law traveltimes (Figure 3) . the direct arrival S-wave arrives at the depth of the interface, 100 ft (30.5 m), arrives later in time than does the S-P reflected conversion. This gives the appearance that the upper end of the S-P reflected conversion is left "dangling" between the depths 100-130 ft (30.5 m to 40 m). The reflected event in the full wavefield simulation matches the predicted event, but a headwave originates from the upper "dangling" end which can be seen as a linear event occurring between the S-wave direct arrival and the P-S and S-P converted arrivals.
In addition to the basic body waves, borehole effects and certain velocity contrasts can result in the creation of tube waves and critically refracted waves such as conical waves (Meredith, 1990) ble, including channel waves, multiple reflected waves, and multiple converted waves.
DESCRIPTION OF THE FIELD DATASET
The crosswell data used in our analysis were collected at a producing carbonate oilfield in west Texas. The site and acquisition techniques used for collecting the data are described in Harris et al. (this issue) . Two cased boreholes, one a producing well and the other a CO 2 monitoring well, were used in the survey; the nominal separation of the two wells is 184 ft ( surveyed region, as interpreted from well logs, is virtually flat with little apparent lateral heterogeneity.
A cylindrical piezoelectric bender, driven with a linear upsweep from 250-2000 Hz over a time interval of 200 ms, was used as the source. Hydrophone receivers were used with a 300 ms listen time for each sweep. A "shot" consisted of two sweeps that were stacked by the receiver system, transmitted digitally uphole, and correlated. Data were collected using the technique of "shooting on the fly," whereby the receivers are held stationary as the source is moved, or "logged," slowly up the borehole. After each pass of the source, the receivers are moved to new locations and the process is repeated. Although the source is moving while it is being tired, the shot "smear," or the distance traveled by the source during the two sweeps, is only about 0.2 ft (0.064 m) in this survey. Shot points were every 2.5 ft (0.76 m) over the 500 ft (152 m) interval for a total of 201 traces per receiver gather.
We present results for modeling and analysis of a single common receiver gather, shown in Figure 5 . The receiver is located at a depth of 2880 ft (878 m) in the lower velocity reservoir layer. A by-product of the acquisition technique of "shooting on the fly" is that common receiver gathers have less noise, in the form of depth inaccuracies, than common shot gathers. This makes common receiver gathers the preferred sort domain for analysis and processing of data. Because of reciprocity in arrival times, our interpretation of a common shot gather is the same as for the common receiver gather. We will use a common receiver gather from our data set but refer to it as a common shot gather to maintain consistency with our modeling code, which runs in a common shot gather mode. Although several gathers were examined, this particular one is used because of the large number of converted modes and reflections that result from the velocity contrasts above and below the acquisition point. In this gather, seismic energy containing frequencies over the entire 250-2000 Hz range was recorded although most of the energy is concentrated in the higher frequencies (because of the source response and the linear sweep).
WAVEFIELD MODELING
Wavefield simulation requires two steps. First, the characteristics of the physical system to be modeled must be determined. In the case of this study we must specify the source-receiver geometry and estimate the radiation pattern of the piezoelectric bender source, the sensitivity pattern of the hydrophone receiver, and the geologic model. Second, we must construct representations of these elements with the modeling code.
The simulations were run using Sierra Geophysics' viscoelastic seismic profiling program, VESPA (Apsel, 1979) . VESPA simulates 3-D wave propagation in a 1-D plane layered medium. In VESPA, the 3-D partial differential equations of motion are solved by reducing them to ordinary differential equations in the frequency-wavenumber domain for the vertical dependence (z) and numerically integrating the closed-form analytic solutions. The limitation to 1-D variation has minimal consequence in our simulation as a result of the nearly flat geologic structure in the surveyed zone. Layers deeper in the surveyed section do exhibit a mild dip, as seen with logs and by reflection imaging (Lazaratos et al., this issue) , but the effect of this dip on the unprocessed field gather is too subtle to be seen easily.
There are two reasons for using this modeling software as opposed to a 2-D elastic finite-difference solution to the wave equation. First, VESPA allows the suppression of higher order multiples, surface waves, and conversions. By subtracting records with different modes turned off and on, unambiguous records of the various wave modes can be created. Second, all the independent stress components are available as output in this code. As will be shown, these components can be used to eliminate the S-waves from the record, leaving only the dilatational P-wave events. These two features will be important when we identify wave modes in the field data.
Modeling the source
The attributes of a fluid-coupled source similar to the piezoelectric source used in this experiment have been described in Lee and Balch (1982) . More recently additional work has been done in this area by Meredith (1990) and Gibson (1994) . The new work primarily addresses issues such as very low formation velocities and the effects of casing and cement. When formation velocities are high, such as found in this study, their different approaches yield similar results .
An important prediction consistent in all the above work describing a radial-force, fluid-coupled source is the radiation of shear waves with a sin28 dependent radiation pattern, a quadrapole. In this expression theta is measured counter-clockwise in the plane of the borehole with the zero reference orthogonal to the borehole axis. The sin28 dependence creates the four-leafed pattern plotted in the source representation in Figure 6 (a). The typical P-wave radiation pattern for the radial-force fluid-coupled source is peanut shaped, with a peak energy perpendicular to the axis of the borehole and symmetric about the borehole axis. In our simulations we model the source using an axisymmetric radial point force. This creates a source radiation pattern shown in Figure 6 (b). The main elements of the radiation pattern predicted in the work of Lee and Balch (1982) , and others, are created using the axisymmetric radial point force, including the four-leafed S V radiation pattern.
Modeling the receivers
To model the hydrophone receivers we use the radial stress component of the simulated wavefield. VESPA uses a cylindrical coordinate system so the radial stress component is equal to the horizontal stress. This choice for modeling the receiver is a result of the desire to keep the simulations simple and within the capabilities of VESPA. To justify our choice of the radial stress component, we use work done by Schoenberg (1986) which describes the pressure field within a fluid-filled borehole resulting from an incident P-or S-plane wave. In using Schoenberg's relations we make the assumption that the hydrophone provides a direct measure of pressure and that the hardware within the borehole has a minimal effect on the local pressure field.
We have simplified Schoenberg's expressions by assuming that the pressure measurement is taken at the center of borehole. Using this assumption we can write the pressure field resulting from an incident P-wave as
The expression for the pressure field resulting from an incident SV-wave can be written as (2) In these equations, is the density of the fluid in the borehole, is the S-wave velocity, is the P-wave velocity, is the tube wave velocity, is and is the incident angle of the plane wave. The angle is zero when the plane wave is traveling orthogonal to the borehole axis, when the wave is traveling downwards along the borehole axis, and when the wave is traveling upwards along the borehole axis.
The estimated hydrophone sensitivity pattern shown in Figure 6 (a) is the result of solving equations (1) and (2) using a P-wave velocity of 6096 m/s, an S-wave velocity of 3520 m/s, a tube wave velocity of 1525 m/s, and a fluid density of 1.0 g/cm 3 . The sensitivity pattern of the receiver is remarkably similar to the radiation pattern of the source. Both the four-leafed S-wave sensitivity and the peanutshaped P-wave sensitivity are predicted. In addition, Schoenberg's work predicts that the magnitude of the peak sensitivity of the hydrophone receiver is greater for S-waves than P-waves.
The sensitivity pattern of the radial stress component which we have chosen to model the hydrophone receiver is shown in Figure 6 (b). This pattern contains several characteristics found in the pattern shown in Figure 6 (a), such as the null in sensitivity to horizontally traveling S-waves and the peak sensitivity to horizontally traveling P-waves, but differs in several important ways. One important difference is that the radial stress component has a sensitivity to SV-waves which is symmetric about the vertical axis and a P-waves sensitivity which is not. Another difference is in the relative sensitivity of the radial stress component to P-waves and S-waves. Fortunately the limited range of angles over which the wavefields propagate in this experiment minimizes the effect of the differences in sensitivity patterns.
Figures 6(a) and 6(b) illustrate the approximate area and geometry of the region surveyed in this experiment. The source is located in the same position relative to the surveyed region as in the gather shown in Figure 5 . Although only one receiver is shown, the receivers are spaced evenly over the entire range of the right side. As can be seen in Figure 6 (b), direct energy traveling from source to receivers can cross the receiver positions traveling from left to right only. For this reason the sensitivity of the receiver model to waves traveling from right to left is unimportant in our simulations.
The radial stress component provides us with many of the observables of a hydrophone receiver for the experiment under consideration. In this analysis, we are primarily concerned with the generation and moveout of various crosswell seismic events and not with their absolute amplitudes, although a good approximation of the amplitudes through realistic modeling will simplify event identification. Simple models of the source (radial force) and receivers (radial stress) describe the major features of the data, including the generation and detection of shear waves.
The geologic model
The simulations were created using a geologic model with 201 layers ranging in thickness from 0.5-10 ft (0.15-3.0 m). The geologic model was created using blocked data from shear and compressional well log measurements. A shear sonic log was run only in the receiver well of the field survey so the blocked logs from this well were used for the I-D model. Rock density was also used in the calculations and was taken from the open hole density log. Figure 7 shows the blocked sonic and density logs used in the 1-D model. The logs were blocked with variable thickness layers so that the difference between the actual log value and the blocked value is globally minimized. The blocking of all three logs was done on the basis of the P-wave well log. Although the well log data were originally sampled at 0.5 ft (0.015 m) intervals, it should be noted that the data are smoothed prior to the blocking as a result of the acquisition technique. The   FIG. 6 . The physical experiment (a) and the VESPA models for the source and receivers (b). The estimated radiation pattern of the piezoelectric bender source shown in (a) is from work done by Lee and Balch (1982) . The hydrophone receiver sensitivity pattern is calculated using expressions for pressure in the middle of a borehole derived by Schoenberg (1986) . The model representations of the source and receivers are shown in (b). The source is modeled using an axisymmetric radial point force and the receivers are modeled using the radial component of stress.
sonic compressional log data are averaged during acquisition over a 2.0 ft (0.61 m) interval for each measurement and the shear data are averaged over 3.5 ft (1.1 m). The density data have the highest resolution, about 0.5 ft (0.015 m).
The source-receiver geometry
The well deviations in the field survey were fairly mild; both the source and receiver wells drifted about 10 ft (3 m) to the northeast over the surveyed interval. For the 184 ft (56 m) offset between wells in this survey, the traveltime errors associated with a straight well assumption would range up to several percent. Although accounting for the well deviations is important in traveltime tomography, the small errors which occur from a straight well assumption have little effect on the moveout-based analysis used in this paper. Therefore, the wells are assumed to be vertical in our model study with an interwell distance of 184 ft (56 m). In this study we modeled 201 receiver positions spaced every 2.5 ft (0.76 m), matching the sampling interval of the field survey and a single source position at 2880 ft (878 m), midway through the low velocity reservoir.
Results of the wavefield simulation
The wavefield character of our simulation Figure 8 is remarkably similar to the character of the raw field data ( Figure 5 ). The arrival times of different events are also predicted fairly well, considering the simplicity of our velocity model and that no attempt is made to model borehole deviations. The relative amplitudes and polarities of the various events also seem well modeled by our choices for source and receivers. The null in the direct-arrival S-wave when the receiver elevation approximately equals the source elevation can be seen from approximately 2820-2920 ft (860-890 m) in both the field data and the simulation. One notable omission in our simulation is tube waves. This is expected because of the absence of boreholes in our model. The degree to which our synthetic and field data agree suggests that the borehole effect is not crucial to the creation of most of the wave modes seen in our survey. In this case, the effect of the borehole can, for the most part, be entirely coupled with the source radiation and receiver sensitivity patterns.
We note one event type in our field data not clearly reproduced by our synthetic. These events can be found in Figure 5 directly behind (within about 5 ms) and parallel to the direct S-wave arrival. They appear to be reverberations of the direct S-wave arrival. These arrivals may be either absent in our simulation or possibly poorly weighted in amplitude as a result of our modeling. We will look further into the source of these events in the next section. With this exception we find the rest of the wavefield to be fairly well reproduced.
WAVEFIELD ANALYSIS
Since a number of seismic events are successfully modeled by the wavefield simulation, we are encouraged to identify these events. For event identification we use a moveout-based analysis technique. Our modeling program permits us to build up the wavefield piece by piece and to separate different seismic modes. One important technique we use is our ability to separate S-waves from a mixed Pand S-wave record by adding up the diagonal components of stress. To review this relation we write the constitutive law for an isotropic material in terms of the Lame constants, A and the stress component and the dilatation (3) where the dilatation equals the divergence of the displacement u,
By adding the diagonal components of stress we obtain a record proportional to the divergence of the displacement, or in other words, free of S-waves. In this section we describe an example of how we use our modeling program and ability to remove the S-waves from a simulation to create two seismic records: one that contains only converted S-and P-waves and another with only converted P-waves. Using these two records, it is easy to determine which converted events are S-waves and which are P-waves. We then find events in the field example with the same moveout and identify them.
Wavefield decomposition
VESPA can be run with selected wave modes enabled. The simplest VESPA solution calculates only primary arriv-FIG. 7. The blocked well logs, acquired in the receiver well, used as a I-D model in the crosswell seismic simulation. The logs are blocked into 201 layers of varying thickness. The thickness of the layers is chosen to minimize the misfit with the field data. als and excludes conversions, multiple reflections, and surface waves. Using a radial point force and the horizontal stress component to simulate the source and receivers (as we did in the full wavefield simulation), we generate the primary wavefield ( Figure 9 ). The only events present in Figure 9 are direct P-and S-waves, P-and S-wave primary reflections, and head waves. We can simplify this record by adding the vertical and tangential stress components to the radial stress component. Together, these components make up the dilatational part of the wavefield, effectively removing all S-waves (Figure 10) . By comparing these two seismograms, P-and S-wave events can be identified.
In Figure 11 we repeat the simulation except that now we include P-S and S-P conversions in the calculation. We can isolate these conversions by subtracting the primary mode record (Figure 9 ) from the record with mixed conversions and direct modes (Figure 11 ). This difference, consisting of P-S and S-P converted events, is shown in Figure 12 . In Figure 13 we have removed the S-wave conversions, leaving only P-wave-converted events.
Given these records, we can identify many sublinear events in Figure 12 originating from the direct P-wave arrival that are not present in Figure 13 . These are P-S converted reflections and transmissions. The P-S converted transmissions are the events for which the moveout is away from the source position, while the S-P converted reflections moveout is toward the source position. Many P-S transmitted conversions can be seen in the field data. In Figure 13 a   FIG. 8 . The full wavefield results of the crosswell seismic simulation. This simulation was performed using an axisymmetric radial point force as a source and the horizontal stress component for receivers. This simulation includes all wave modes: direct, conversions, multiples, head waves, etc. number of subhyperbolic events with an asymptotic moveout similar to the direct P-wave arrival can be seen located in time between the direct arrival P-and S-waves (seen in Figure 9 ). These are S-P converted and transmitted arrivals. These events are also quite common in the field record. In fact, much of the energy present between the direct P-and S-wave arrivals is in the form of conversions in both the full wave synthetic (Figure 8 ) and field data ( Figure 5) , with little energy in the form of reflected P-waves.
We ran a similar set of simulations and separations to create and isolate multiple reflected events. To confirm the correct identification of some of the events, we then ran simulations using an isotropic source. This is useful since only P-waves are generated directly by this source type and the presence of S-waves in the record can be only the result of mode conversions. We find after additional analysis that the events directly behind and parallel to the S-wave arrivals have the moveout of S-wave multiples. These multiples are actually created in the crosswell simulation but have a much reduced amplitude compared to the field data.
The reduced amplitude of the S-wave multiples in the simulation is not expected since the sensitivity of the receiver model to S-waves increases as the direction of wave propagation approaches the vertical. Primary S-wave reflections are obvious in the simulation, and since the multiple reflections travel closer to the vertical than do the primaries, they should be more apparent in the simulation. This suggests that the multiples are not being generated with as high an amplitude as expected, which seems to be supported by the observation that the ratio of S-wave direct-arrival amplitudes to S-wave primary reflection amplitudes is lower in our simulation than in the field data. This may be a result of the smearing of the reflections as a result of the low-pass nature FIG. 9. A crosswell simulation similar to that shown in Figure 8 but containing only P-and S-wave direct arrivals, primary reflections, and head waves. of the S-wave log. As mentioned previously, the S-wave log is collected by averaging over 3.5 ft (1.1 m). If this is indeed the cause, then potentially, the vertical resolution of S-wave crosswell imaging could surpass what is possible by well logging.
We used all the computed simulations together with a knowledge of tube wave moveouts to identify a number of representative events in the field gather. The results of this analysis are shown in Figure 14 . Several important observations can now be made. We note that the moveouts of the S-wave downgoing multiples for reflectors below the source are very similar to the moveout of an S-wave downgoing reflection off a reflector above the source, and vice versa. Although we have not shown a typical moveout for a P-wave multiple reflection, we have observed that the P-wave onceand multiple-reflected events also have similar moveouts. We can also see in Figure 14 that the moveouts of P-and S-wave reflections are also similar. These observations suggest that moveout-based filters may have difficulty discerning these events, at least in common shot gather and common receiver gather space. Figure 9 . This record is created by adding the trace components of the stress tensor and contains only P-wave direct arrivals, primary reflections, and head waves.
CONCLUSIONS

FIG. 10. The dilatational part of
A number of conclusions can be drawn from this crosswell modeling and analysis. They are:
1) The crosswell wavefield is inherently complex as a result of the many conversions and reflections that occur at each interface, even when borehole contributions (e.g., tube waves) to the wavefield are small and the geology is simple.
2) A crosswell acquisition system consisting of a cylindrical piezoelectric bender source and hydrophone receivers can be modeled effectively using an axisymmetric point Figure 12 . This record contains only P-wave conversions. Events present in Figure 12 , but not here, are S-wave conversions.
force as the source and the radial component of stress for receivers.
3) Using the simple source and receiver models described above and a simple geologic model, our crosswell seismic gather can be simulated without the need to model the complex radiations and conversions which occur at the borehole. This will not be true in general. Borehole effects can be ignored in our simulation, partly because of the high velocities encountered in our survey and the use of the high-frequency piezoelectric source. The piezoelectric source put only a small amount of energy into the borehole in this field experiment and the high velocities eliminated the possibility of conical waves. 4) A significant number of events are present between the P-wave and S-wave direct-arrivals with higher amplitudes than simple P-wave reflections. The majority of these events are P-S and S-P converted transmissions. The presence of this "noise" may make P-wave reflection imaging more difficult than S-wave reflection imaging because the S-wave primary reflections have a higher relative amplitude as a result of the source radiation pattern and the receiver sensitivity pattern, and fewer seismic events interfere with the S-wave reflections.
5) Several event types, multiples and primary reflections, in particular, have similar moveouts in either common shot or common receiver gather space. This implies that move-
FIG.
14. An interpretation of some of the many wave modes present in the gather shown in Figure 5 out-based wavefield separation and enhancement in these domains may not be able to isolate these events effectively. Rector et al. (this issue) show how multidomain processing can be used to circumvent this problem.
